Background/aim: Handwriting difficulties can be detrimental to students' performance in school tests and even in public examinations. It is crucial for school-based occupational therapists to identify students with handwriting difficulties and support them with appropriate adaptive strategies. The purpose of this study is to validate a computerised assessmentthe Computerised Handwriting Speed Test System (CHSTS) of both Chinese and English handwriting for Chinese secondary students and provide an objective reference for extra time allowance in paper-based examinations. Methods: The internal consistency, test-retest reliability, convergent and discriminant validity of CHSTS were examined using the data from 512 typically developing students and 64 students with special educational needs (SEN) in Hong Kong mainstream secondary schools. Results: Handwriting performance of senior students was better than that of junior students. High internal consistency was shown by over 0.80 Cronbach's a in all measurement items and over 0.90 item-total correlations in temporal domain items. Intra-class correlation indicated good to excellent test-retest reliability of CHSTS (all P < 0.0001). Principal Component Analysis revealed that four components in CHSTS accounted for over 80% of the variance. Handwriting performance was positively associated with manual coordination, automaticity and oculomotor control (all P < 0.05) in linear regression analyses. Students with SEN could be effectively differentiated from typically developing students (over 75% sensitivity and specificity) based on the CHSTS items. Conclusion: Validation of CHSTS is the groundwork for identifying students with handwriting difficulties and providing adaptive strategies including fair special examination arrangements for these students.
Introduction
Handwriting is a complex process involving language use, cognitive skill, sensorimotor performance and other biomechanical ergonomic factors related to a person (Klein, Guiltner, Sollereder & Cui, 2011) . Handwriting deficits among students with special educational needs (SEN) have been widely studied in the literature (Graham, Fishman, Reid & Hebert, 2016; Kushki, Chau & Anagnostou, 2011) . It is estimated that 10 to 30% of typically developing school-age children also suffer from handwriting difficulties, and its influence could have considerable impact throughout their academic lives (Karlsdottir & Stefansson, 2002) . While handwriting skill is fundamental in the school progress, difficulties in handwriting do not only affect the acquisition of knowledge (Capellini, Giaconi & Germano, 2017) , but also lead to other adverse consequences such as impaired communication skills, emotional and behavioural problems (Feder & Majnemer, 2007; Pieters, Desoete, Roeyers, Vanderswalmen & Van Waelvelde, 2012) . Handwriting difficulties can also be detrimental to students' performance in school tests and even in public examinations (Mortimore & Crozier, 2006; Summers & Catarro, 2003) which could directly influence their future life and career development. Although computerbased exam is allowed in some areas, it is developing rather slowly due to institutional barriers, and low teacher and student acceptance (Boev e, Meijer, Albers, Beetsma & Bosker, 2015) . Therefore, it is crucial to identify students with handwriting difficulties, and provide appropriate interventions and adaptive strategies for them (Case-Smith, 2002; Erhardt & Meade, 2005) . Thus, handwriting assessment becomes one of the major components in school-based occupational therapy practice.
Various handwriting assessment tools have been used to examine handwriting performance among students (Duff & Goyen, 2010; Francis, Wallen & Bundy, 2017) . As a result of the fast-growing technology, the mode of handwriting assessment has evolved from paper-and-pencil task to computerised assessment, which provides a more scientific and standardised evaluation of one's handwriting performance. For example, Falk, Tam, Schellnus and Chau (2011) developed a computer-based Minnesota Handwriting Assessment to objectively measure handwriting speed and quality. Computerised assessment also provides other aspects of handwriting performance that cannot be measured in traditional paper-and-pencil assessment. For instance, customised force-acquisition pen can quantify the kinetics of handwriting performance including hand grip and pen-tip forces (Hsu et al., 2013) . LiTsang et al. (2013) developed the Chinese Handwriting Analysis System which provided handwriting performance components such as on-paper time (or ground time), on-air time (or air time), and pen pressure exerted on the paper to evaluate handwriting proficiency of primary school students in the Chinese population.
Apart from school works and assignments, students need to take different public examinations, for example, the Scholastic Aptitude Test and the General Certificate of Education Advanced Level which are used for college admissions in the United States and the United Kingdom respectively. In Hong Kong, all Form 6 students have to take the Hong Kong Diploma of Secondary Education Examination (HKDSE) which aims to assess the attainment of students upon completion of secondary education and their qualification for entry to higher education (Hong Kong Examinations and Assessment Authority, 2017). The HKDSE involves mainly timed-written examination in which students are required to write as fast as possible in a period of time to answer the questions based on their knowledge with respect to different subjects. The demand of intensive and speedy handwriting would certainly create challenge for students with handwriting difficulties. Among different types of special examination arrangements, extra time allowance (ETA) is one of the most common arrangements for students with SEN. However, it is also one of the most controversial allowance options, given that it potentially causes some fairness issues such as how to determine who should be provided with ETA and how much extent should be granted (Bolt & Thurlow, 2004) . Some researchers found that ETA benefited students with SEN in terms of their examination performance (Lewandowski, Lovett, Parolin, Gordon & Codding, 2007; VanBergeijk, Klin & Volkmar, 2008) , while some others believed that it would be unfair to other examination candidates (Stretch & Osborne, 2005) . Under such circumstance, development of a standardised handwriting assessment is important in both educational and research aspects, so as to achieve an objective criterion and justification.
However, Chinese handwriting is relatively scarce in the field of computerised assessment. In Hong Kong, a paper-and-pencil assessment Copying Speed Test for Hong Kong Secondary Students is often used for projecting ETA. However, accuracy of the assessment could be subject to human error in its timing procedures. Moreover, most of the previous studies had focused on primary school students, but overlooked the importance to measure handwriting performance of secondary students who heavily rely on their handwriting skills for school assignments and public examinations (Graham & Perin, 2007) . Therefore, this study was conducted to validate a computerised assessment -the Computerised Handwriting Speed Test System (CHSTS) of both Chinese and English handwriting for Chinese secondary students. Specifically, the study aimed to examine item characteristics, internal consistency, test-retest reliability, convergent and discriminant validity. For the convergent validity analysis, the positive associations between handwriting and sensorimotor performance including fine motor skills, visual perceptual skills, visual-motor integration and oculomotor proficiency (Klein et al., 2011) were investigated. For the discriminant validity analysis, students with SEN, who were always identified to have handwriting problems (Graham et al., 2016; Kushki et al., 2011) , were differentiated from typically developing students based on their handwriting performance.
Methods Participants
Data collection was conducted in two phases to recruit secondary students in Forms 1 to 6 (corresponding to years 7 to 12 in the Australian education system). First, the study aimed to assess the handwriting performance of students in Forms 5 and 6 who were going to take public examination soon to provide ETA reference in Hong Kong. Stratified random sampling was employed to increase the representativeness for the whole population and reduce the variation of handwriting performance of students due to school banding effect. In Hong Kong, all secondary schools were stratified into three strata by school banding level (stratum 1, 2 and 3). The higher the banding, the more recognised by the society the school is, in terms of the academic competence, teaching qualities, resources for fostering students in various activities including sports and music, and the school environment (Hui, 2000) . Therefore, students studying in schools with higher banding would be conventionally thought to be smarter and more capable. In this study, two schools from each stratum were invited to participate in the academic year 2011-2012. If a school refused to participate, the next school in line in the same stratum would be invited until all six schools were recruited. After that, we extended our scope of investigation to students in Forms 1 to 4 to identify their handwriting difficulties and related sensorimotor problems. Participants were recruited by responding to invitation letters sent to all secondary schools listed in the Education Bureau in Hong Kong in the academic year 2014-2015. In this study, students who were (a) in Forms 1 to 6, (b) Cantonese-speaking and (c) able to write Traditional Chinese and English were included. Students who had (a) intelligence quotient (IQ) <80 and (b) any physical disability affecting the upper limb were excluded. The characteristics of typically developing students are shown in Table 1 . Sixty-four students who had a confirmed diagnosis of neurodevelopmental disorder such as attention deficit hyperactivity disorder, learning disorders and autism spectrum disorder were also recruited and considered as the SEN group (mean age = 14.64, SD = 1.61, 88% male). All parents and students were informed about the voluntary basis of participation and gave written informed consent. None of the participants received any remuneration for participating. The study was approved by the Human Subjects Ethics Sub-committee of The Hong Kong Polytechnic University.
Procedure of handwriting assessment
The Computerised Handwriting Speed Test System, Version 2 (CHSTS-2) is used to measure handwriting process and product. Participants were instructed to copy words from a template on the computer screen, using the wireless electronic pen with pressure sensitive tip and on an A4 sized paper affixed to the surface of a Wacom Intuos Pro L tablet. This assessment provided a standardised handwriting set-up and writing materials *P < 0.05; **P < 0.01; ***P < 0.001.
© 2018 Occupational Therapy Australia COMPUTERISED HANDWRITING SPEED TEST SYSTEM in the real-life handwriting context. The handwriting assessment consists of Chinese and English handwriting tasks. Participants were asked to copy 130 traditional Chinese words on a size-customised grid paper (grid size: 1 cm 9 1 cm) on the tablet for three times, and then rest for 15 minutes after the Chinese handwriting task. Participants were then asked to copy 120 English words on a lined paper on the tablet for three times. Participants were asked to write as legibly and quickly as possible in the two tasks. Words in the template were the same, but every time a random list of those words was used to prevent practice effect. A school was randomly selected for retest and students in Forms 5 and 6 in that school were assessed after 4 months for the testretest reliability.
The familiarity and complexity of the words in the template would affect participants' handwriting performance. The English alphabet consists of 26 characters, which are less complex comparing to Chinese characters. There are four major structures in Chinese characters namely, single structure, left-right structure, top-bottom structure and enclosed structure. The words frequently written at secondary school were found from local secondary school textbooks and frequency dictionaries. Numbers of words selected from the four structures were in proportion to the usage frequencies of the structures, and within each structure, the words in the template were randomly selected from those frequently written.
Measures
The CHSTS-2 system quantifies the handwriting process by recording the total time, on-paper time (or ground time) and on-air time (or air time) to the nearest 0.01 seconds, calculating handwriting speed (character per minute) and standard deviation (SD) of writing time per character, and computing the pen pressure exerted on paper (in Newton) and the standard deviation of pen pressure (Li-Tsang et al., 2013) . Accuracy of handwriting products is analysed by Microsoft Windows XP Tablet PC Edition 2005 Recognizer Pack (Microsoft Corporation, 2005 ) and the result is reflected as the readability rate in percentage, which is computed based on the total number of words written and the number of unrecognised or wrong words in the CHSTS system.
Four sensorimotor performance components including motor skills, visual perceptual skills, visual-motor integration and developmental eye movement were assessed for students in Forms 1 to 4. First, the Bruininks-Oseretsky Test of Motor Proficiency, second Edition (BOT) is used to assess proficiency in motor skills (Bruininks & Bruininks, 2005) . Two composites -fine manual control (FMC) and manual coordination (MC) were assessed in the study. Second, the Motor-Free Visual Perception Test, third Edition (MVPT) is used to assess visual perceptual skills (Colarusso & Hammill, 2003) . Third, the Beery-Buktenica Developmental Test of Visual-Motor Integration, sixth Edition (VMI) is used to assess coordination of visual perceptual and motor abilities (Beery, Buktenica & Beery, 2010) . For BOT, MVPT and VMI, age-based standard scores were used. Higher scores indicate better motor skills, greater function in visual perception and visual-motor integration respectively. Finally, the Developmental Eye Movement (DEM) test is used as a visual-verbal oculomotor and automaticity assessment tool (Richman, 2015) . Participants were asked to read numbers arranged vertically and horizontally and the times were recorded and adjusted for the number of errors made. Higher vertical time indicates poor automaticity of number naming, while higher horizontal time indicates poor automaticity of number naming and oculomotor control. A DEM score was the absolute value of ratio of horizontal time and vertical time minus one. Higher score indicates higher degree of oculomotor dysfunction.
Statistical analysis
Descriptive statistics for continuous variables were illustrated by means and standard deviations, while categorical variables were shown by numbers and percentages. Age and handwriting performance were compared among the typically developing students in Forms 1 to 6 using one-way analysis of variance, while sex ratio was compared by Chi-square test.
Internal consistency of the measurement items was examined by Cronbach's a. A high Cronbach's a coefficient (>0.7) means items have a high contribution to the measurement (Churchill, 1979) . Cronbach's a-if-itemdeleted scores were compared to the overall Cronbach's a coefficient. Intra-class correlation (ICC) was used to examine test-retest reliability of the school (55 students) randomly selected for one more assessment after 4 months. An ICC of 0.9-1.0 was considered as excellent reliability; 0.7-0.9, high reliability; 0.5-0.7, moderate reliability; and 0.3-0.5, low reliability (Hinkle, Wiersma & Jurs, 1998) .
Principal Component Analysis was conducted to investigate the interrelationships between the variables of CHSTS and the group correlated measurements. The first principal component is required to have the largest possible variance. It was extracted as the overall handwriting score. Linear regression was used to examine the associations between sensorimotor performance and handwriting score. The coefficients and 95% confidence intervals of the significant interactions were presented. The analysis was adjusted by gender and grade.
Random Forest, a classification technique (Liaw & Wiener, 2002) , was employed to use the variables of CHSTS to classify 64 students with SEN from a matched sample of 64 typically developing students according to age, grade and gender. All the classification results were generated with leave-one-out cross-validation, which provides an almost unbiased estimator of the generalisation properties of statistical models. Receiver Operating Characteristic (ROC) curve analysis was operated for analysing the accuracy of the classifications. The primary outcomes of the study were the area under the ROC curves (AUC) and its 95% confidence interval, sensitivities and specificities of the classifiers. All statistical computations were performed by using statistical software R (R for Windows, V.3.4.3).
Results
Handwriting performance of typically developing students Table 1 shows the handwriting performance of participants from Forms 1 to 6 based on the CHSTS results. For both Chinese and English handwriting, senior students had reduced total writing time, ground time, air time, SD of writing time per character and readability rates, but increased writing speed comparing to junior students. From Forms 1 to 6, students also spent more air time than ground time for handwriting. There were no significant differences on pen pressure and SD of pressure for both Chinese and English handwriting, and readability for English handwriting among students in Forms 1 to 6.
Internal consistency and reliability of CHSTS
The item-total correlation and Cronbach's a coefficients are shown in Table 2 . CHSTS had high internal consistency (Cronbach's a >0.7) for both Chinese and English handwriting. For Chinese handwriting, Cronbach's a would increase slightly (a = 0.74-0.83) if some measurement items were deleted including ground time, pen pressure, variation in pressure and readability. For English handwriting, Cronbach's a would increase slightly (a = 0.78-0.87) if some measurement items were deleted including pen pressure, variation in pressure and readability. For both Chinese and English handwriting, total writing time, ground time, air time, writing speed and SD of writing time per character had high item-total correlations. However, pen pressure, SD of pressure and readability had low item-total correlations. The results from item-total correlation and Cronbach's a are consistent. Table 3 indicates excellent test-retest reliability of CHSTS for Chinese handwriting assessment in all measurement items, except for SD of writing time per character, which had a moderate reliability. For English handwriting assessment, three measurement items including total writing time, speed and SD of writing time per character had moderate reliability, while the other measurement items showed good to excellent reliability.
Convergent validity of CHSTS
For Chinese handwriting assessment, the first four components explained a total variance of 89.42% in the factor analysis. Component 1 included all measurement items except SD of pressure and this component explained the majority of variance out of the four components (40.99%). Ground time, air time, pressure and SD of pressure were grouped into Component 2, which explained 24.05% of variance. Ground time, SD of writing time per character and SD of pressure were grouped into Component 3, which explained 14.37% of variance. All measurement items except total time were grouped into Component 4 which explained 10.01% of variance.
For English handwriting assessment, the first four components explained a total variance of 81.32%. All measurement items in the temporal domain (i.e. total time, ground time, air time, speed and SD of writing time per character) were grouped into Component 1 which explained 48.64% of variance. Pressure and SD of pressure were grouped into Component 2, which explained 22.61% of variance. Only readability was grouped into Component 3, which explained 12.64% of variance. Ground time and air time were grouped into Component 4 which explained 10.75% of variance. For both Chinese and English handwriting, the first principal components were extracted as the overall handwriting scores for the analyses. Higher handwriting scores represent better handwriting performance. The associations between the overall handwriting scores and sensorimotor performance components are shown in Table 4 . Both Chinese and English handwriting scores were positive associated with MC, while only Chinese handwriting score was positively associated with FMC. Both Chinese and English handwriting scores were negatively associated with DEM vertical and horizontal time. There were no significant associations between handwriting scores, MVPT and VMI.
Discriminant validity of CHSTS
The AUC for classifying the SEN group in typically developing students using Chinese handwriting variables only was 0.82 (95% CI: 0.74-0.90, P < 0.0001), yielding the best sensitivity (76.67%) and specificity Adjusted coefficient was controlled by gender and grade; *P < 0.05, **P < 0.01, ***P < 0.001.
(76.56%). The classifier using both Chinese and English handwriting variables had comparable results of AUC 0.79 (95% CI: 0.71-0.88, P < 0.0001), sensitivity (75.00%) and specificity (75.00%). The AUC for the classifier using English handwriting variables only was 0.74 (95% CI: 0.65-0.83, P < 0.0001), yielding the best sensitivity (71.67%) and specificity (71.88%).
Discussion
The current study described the validation of CHSTS for handwriting performance of secondary students. CHSTS was shown to be reliable and valid to evaluate students' handwriting ability. The study indicates a high internal consistency of CHSTS for both Chinese and English handwriting. A high test-retest reliability of CHSTS also suggests that human error would not be a significant factor affecting the measurement. Therefore, students' handwriting performance can be properly quantified using CHSTS, and the associations between handwriting performance and other factors can be scientifically investigated. The convergent validity analysis confirms previous findings that handwriting is associated with manual coordination, automaticity and oculomotor control (Klein et al., 2011) . The finding is important for generalising the measurement of CHSTS to the concept of handwriting and occupational therapy practice. Finally, the discriminant validity analysis demonstrates that students with SEN could be effectively identified from typically developing students using the CHSTS items. As one of the purposes of CHSTS is to project ETA for the SEN population, this finding can successfully reveal the direct and indirect influence of SEN on handwriting performance. A more objective, appropriate and fair ETA estimation model therefore can be developed using CHSTS in particular regions and education systems. On the other hand, the results show that Chinese handwriting assessment is more powerful than English handwriting assessment in screening Chinese secondary students with SEN, which consolidates the linguistic difference of Chinese and English in nature. While CHSTS has been proven to be a standardised, objective and accurate measurement of handwriting, collecting the normative sample of handwriting performance of secondary students using CHSTS would be a meaningful groundwork for handwriting assessment and future estimation of ETA. In this normative study, students in higher Forms showed less total writing time, ground time and air time, and had faster writing speed for both Chinese and English handwriting comparing to those in lower Forms. It seems that while the process of handwriting would improve with cognitive maturation and education level, the handwriting accuracy remains independent to these factors. Students in lower Forms wrote more slowly than students in higher Forms, but they wrote as accurately as those in higher Forms for English handwriting. For Chinese handwriting, students in higher Forms even wrote less accurately than those in lower Forms. This demonstrates a different handwriting pattern between primary school and secondary students. In primary school, students' handwriting becomes more automatic and organised such that both handwriting process and accuracy would increase with grades (Li-Tsang et al., 2013; Feder & Majnemer, 2007; Francis et al., 2017) . However, handwriting accuracy in secondary students has already become stable in Form 1 and more handwriting experiences would only improve handwriting process from Forms 1 to 6. Secondary students would attempt to write as fast as possible to express their knowledge as much as they can. It is suggested that while both handwriting process and accuracy are important to measure the handwriting development of primary school students, handwriting process alone is sufficient to assess secondary schools' handwriting performance.
Handwriting stability (i.e. SD of writing time per character) increased from Forms 1 to 6 in English handwriting. Noted that all participants were Hong Kong Chinese students, the proficiency of English, their second language, including handwriting skills would improve with higher education level. Chinese, as their native language, does not show significant increase in handwriting stability as English does, although one may notice the tendency of such increase is actually present in the data (reduced SD of writing time per character form Forms 1 to 6 in Chinese Handwriting). This may raise out the problem in the unit of analysis. The basic unit of segmentation may not be considered the same in Chinese and English during handwriting process. A single word in English does not only provide phonological cues but also semantic cues which could be of some helps to handwriting performance. For instance, the students may easily write down the word 'dog' by their phonologic knowledge of consonants and vowels to spell out the corresponding word as well as the mental representation of the prototype 'dog', which triggers the memory retrieval of the lexicon 'dog', making the handwriting process easier. However, in Chinese, a single word does not necessarily carry meaning (i.e. semantics). And more importantly, Chinese is an orthographic language so that the extent of phonological awareness playing a role in Chinese handwriting is rather limited. For example, when the student was asked to copy the words '們' (mun4) and '我們' (ngo5 mun4, meaning we), one may expect that students would copy the character '們' faster in the latter case as they could make reference of the semantic cues or contextual information of the words presented. It should be pointed out that in this case, character in English 'we' already represents the meaning of speakers referring to himself and one or more other people together, while in Chinese, two words are needed, with the fact that '們' © 2018 Occupational Therapy Australia COMPUTERISED HANDWRITING SPEED TEST SYSTEM itself does not carry full meaning. Therefore, if we try to compare two languages directly using the same unit (i.e. per character in this case) without considering the nature of the two languages, problem could be induced. It is, hence, suggested that difference levels of segmentation in Chinese such as phrase-and sentence-level could be utilised to replicate the test and scrutinise the developmental trend in handwriting stability in students.
In this study, participants were asked to copy words from a template to a paper on a tablet. Copying from a template is a common method to assess handwriting performance. Copying involves a series of operation, reading words from template, retrieving the orthographic representation from long term memory, writing and checking by working memory and also controlling attention to the writing words (Re & Cornoldi, 2015) . In spite of the fact that copying is widely used in many handwriting-related researches, it is only one of the assessment methods of handwriting performance. Apart from copying, dictation and spontaneous writing are also of useful means in assessing handwriting performance. Many researches have adopted these three different formats to evaluate various components and styles during handwriting process (Gregg & Mather, 2002) . Unlike copying, dictation and spontaneous writing may require different cognitive mechanisms, including lexical processing, phonological and morphological awareness (Pan et al., 2016) and sensorimotor skill sets. And this might be able to spot certain hidden deficits that could not be found or apparently shown in copying tasks. Hence, other than copying tasks, different handwriting assessment formats are suggested to be incorporated in further research.
In future, the system performance of CHSTS could be strengthened in two aspects. First, CHSTS can provide the improved computational analysis on readability for identifying specific errors. As Chinese as an orthographic language has more complex formation comparing to alphabetic languages, the specific errors could be additional stroke, missing stroke, concatenated stroke, etc. Second, more behavioural and neurocognitive properties, such as working memory and orthographic motion integration, could be simultaneously compared with handwriting performance during the handwriting assessment process. While handwriting is affected by different factors such as sensorimotor performance, cognitive skill and kinematic component due to its multi-facet nature, most previous studies and the current study measured handwriting and the other factors separately (Feder & Majnemer, 2007; Peverly et al., 2013) . The relationship between handwriting and those separately measured factors would therefore be rather indirect. In the future, CHSTS can incorporate other technologies, for example, multimodal sensors to record brain activities, physiological responses, and body movement during the handwriting process.
To conclude, this study provided evidence that CHSTS is a valid assessment tool for measuring the handwriting process for secondary students in Hong Kong. Handwriting performance of secondary students in other Chinese-speaking places could be collected and examined as well to increase the generalisability of CHSTS. In the current study, CHSTS is shown to have high internal consistency and construct validity. Validation of CHSTS would lead the first step into achieving the other objectives of developing the system, which included the identification of students with handwriting difficulties, the estimation and provision of ETA for students with SEN in the future.
Key points for occupational therapy
• A computerised handwriting assessment was validated for both Chinese and English handwriting in Chinese secondary students.
• Handwriting performance was positively associated with manual coordination, automaticity and oculomotor control.
• Students with special provision needs could be effectively differentiated from other students by handwriting assessment.
